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Abstract 

We consider near-threshold ao(980)-meson production in irN and NN collisions. 
An effective Lagrangian approach with one-pion exchange is applied to analyze dif- 
ferent contributions to the cross section for different isospin channels. The Reggeon 
exchange mechanism is also evaluated for comparison. The results from irN re- 
actions are used to calculate the contribution of the ao meson to the cross sec- 
tions and invariant KK mass distributions of the reactions pp — ► pnK + K° and 
pp — ► ppK + K~. It is found that the experimental observation of mesons in 
the reaction pp — > pnK + K° is much more promising than the observation of a[j 
mesons in the reaction pp — ► ppK + K~ . Effects of isospin violation in the reactions 
pN — > dao, pd — > 3 He/ 3 Hao, and dd — * 4 Heao, which are induced by ao(980)- 
/o(980) mixing, are also analyzed. 
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1 Introduction 



The structure of the lightest scalar mesons ao(980) and /o(980) is still under discussion 
(see, e.g., [[IJ _ and references therein). Different authors interpreted them as unitarized 
qq states, as four-quark cryptoexotic states, as KK molecules or even as vacuum scalars 
(Gribov's minions). Although it has been possible to describe them as ordinary qq states 
(see P|-||10||), other options cannot be ruled out up to now. Another problem is the 
possible strong mixing between the uncharged ao(980) and the /o(980) due to a common 
coupling to KK intermediate states [11 [|T7]]. This effect can influence the structure of 
the uncharged component of the ao(980) and implies that it is important to perform a 
comparative study of a° and Oq (or a^). There is no doubt that new data on afj and 
a o I a o production in nN and NN reactions are quite important to shed new light on the 
ao structure and the dynamics of its production. 

In our recent paper |18| we have considered a production in the reaction nN — > a N 
near the threshold and at GeV energies. An effective Lagrangian approach as well as the 
Regge pole model were applied to investigate different contributions to the cross section 
of the reaction nN — > a^N. In []E5| we have employed the latter results for an analysis 
of ao production in NN collisions. Furthermore, in [|17|] we have considered the ao-/o 
mixing in reactions involving the lightest nuclei d, 3 H, 3 He, and 4 He. Here we give an 
overview of those results and present a comparative analysis of a (980) resonance pro- 
duction and nonresonant background channels in the reactions nN —>■ a Q N — > KKN and 
NN — > ciqNN — > KKNN. Our study is particularly relevant to the current experimental 
program at COSY (Jiilich) |20|-f22j. 

Our paper is organized as follows. In Section 2 we discuss the KK and nrj decay 
channels of the ao(980). An analysis of ao(980) resonance production and nonresonant 
background in the reactions nN — > KKN and NN — > clqNN — > KKNN is presented 
in Section 3. Section 4 is devoted to the calculation of the cross sections for the reac- 
tions NN — > NNcio and NN ciqNN — > KKNN in comparison to nonresonant KK 
production. In Section 5 we consider ao(980)-/o(980) mixing and isospin violation in the 
reactions pN — > dao, pd —>■ 3 He/ 3 Ha and dd — > 4 Heao- 

2 The KK and nr] Decay Channels of the ao(980) 

The ao(980) invariant mass distribution in KK and nrj modes can be parametrized by 
the well-known Flatte formula p3 which follows from analyticity and unitarity for the 



two-channel T-matrix. 

For example, in the case of the reaction iViV — > a NN —>■ KKNN the mass distribu- 
tion of the final KK system can be written as a product of the total cross section for ao 
production (with the "running" mass M) in the NN NNciq reaction and the Flatte 
mass distribution function 

-^(s,M) = a ao (s,M) Cf {M2 _ m2r)2 + m2rTL{m) (1) 

with the total width r tot (M) = T aoK ^(M) + T aonri (M). The partial widths 

1 a KR{M) - 9a KK 8nM2 > 

FaonriiM) = dao^^^p (2) 
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are proportional to the decay momenta in the cm. system (in case of scalar mesons) 

[(M 2 - (m K + m R ) 2 )(M 2 - {m K - m R ) 2 )] 1/2 



Qkk 



2M 

[(M 2 - (m n + m v ) 2 )(M 2 - (m w - m v ) 2 )] 1/2 
2M 



for a meson of mass M decaying to KK and nr], correspondingly. The branching ratios 
Br(ao — > KK) and Br(ao — > tti]) are given by the integrals of the Flatte distibution over 
the invariant mass squared dM 2 = 2MdM: 

Br(fl ° KK) 'I (M 2 - Ml) 2 + MIYUM) ' (3) 

J dM 2 M C F M R T m „(M) 
Br( °° - "»> = l jNP-MlT + MlTUM) + <4> 



+ 



2 M Cf M r T aonv (M) 



(M 2 -M 2 -M J? r ao ^(M)) 2 + M 2 r 2 Q7rr? (M) 



The parameters Cp, 9kk-> 9-kt) have to be fixed under the constraint of the unitarity con- 
dition 

Br(a -> + Br(a -> vrr/) = 1 . (5) 

Choosing the parameter T = T ao7Tri (M R ) in the interval 50 — 100 MeV (as given by the 
PDG one can fix the coupling g Tri according to (0). In [^SJ a ratio of branching 

ratios has been reported, 

r ( Qo (980)) = B ^^ - KK } = 0.23 ± 0.05, (6) 
Br(a -> vr?7) 

for m ao = 0.999 GeV, which gives Br(a — > i^K) = 0.187. In another recent study |26j 
the WA102 collaboration reported the branching ratio 

T(a -> KK)/T(a -> ttt/) = 0.166 ± 0.01 ± 0.02, (7) 

which was determined from the measured branching ratio for the /i(1285)-meson. In our 
present analysis we use the results from | 2~5| , however, keeping in mind that this branching 
ratio Br(ao — > If-K") more likely gives an "upper limit" for the ao — > /fif decay. 

Thus, the two other parameters in the Flatte distribution Cp and g aQ KR can be found 
by solving the system of integral equations, for example, Eq. (||) for Br(a — > KK) = 
0.187 and the unitarity condition (0). For our calculations we choose either T aQ7TV (M R ) = 
70 MeV or 50 MeV, which gives two sets of independent parameters Cp, g agKR , g ao7Tr] for 
a fixed branching ratio Br(ao — > KK) = 0.187: 

set 1 {T aonv = 70 MeV) : (8) 
9a KK = 2.3 GeV, g a ^ = 2.2 GeV, C F = 0.365 

set 2 (T ao7TV = 50 MeV) : (9) 
g aoKR = 1.9 GeV, g ao7TV = 1.9 GeV, C F = 0.354. 
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Note, that for the K + K~ or K°K° final state one has to take into account an isospin 
factor for the coupling constant, i.e., g ao K+K~ = g ao KOR° = 9a KR/V2, whereas g aoK +Ro = 

9a K-K° = 9a KK- 



3 The Reactions ttN -> a N and wN -> KKN 
3.1 An effective Lagrangian Approach 

The most simple mechanisms for ao production in the reaction ixN — > aoN near threshold 
are described by the pole diagrams shown in Fig. [I] a - [l] d. It is known experimentally 
that the a couples strongly to the channels nr/ and 7r/i(1285) because nr] is the dominant 
decay channel of the ao while irao is one of the most important decay channels of the 
/i(1285) (||24||). The amplitudes, which correspond to the t-channel exchange of ?y(550)- 
and /i(1285)-mesons (see Fig. [| a and Fig. [j] b), can be written as 



M^n p -> a p) = g V7T a 9vNN u{p' 2 )~f h u{p 2 ) x 
1 

t — ml 



x J F vnao (t)F vNN (t), (10) 



v 



m %{k P^a P) = 9h™ a 9hNN x 

x (pi +p' 1 ) l i [g^u - ) u(p' 2 )j l/ j 5 u(p 2 ) x 
V m h J 

i 

F flira (t)Ff lNN (t). (11) 



t-m\ 



Here p\ and p[ are the four momenta of 7r~, , whereas p 2 and p 2 are the four momenta 
of the initial and final protons, respectively; furthermore, q = p' 2 —p2, t = (p' 2 —p-i) 2 - The 
functions Fj present form factors at the different vertices j (j = fxNN,rjNN), which are 
taken of the monopole form 

A 2 _ m 2 

FM - (12) 
where Aj is a cut-off parameter. In the case of r] exchange we use g V NN = 6.1, A^jv=1-5 



GeV from |27fl and g V7 ra is defined by (8). The contribution of the f± exchange is calculated 
for two parameter sets; set A: g^NN = 11.2, A/ x jvjv = 1-5 GeV from f2~8fl , set B: g^NN = 



14.6, Af lNN = 2.0 GeV from [£9f and gf iaQ7T =2.5 for both cases. The latter value for gf iao -w 
corresponds to r(/i — > ao 7 !") = 24 MeV and Br(/i — >■ a ir) = 34%. 

In Fig. (upper part) we show the differential cross sections da/dt for the reaction 
-k^P — > OqP at 2.4 GeV/c corresponding to r\ (long-dash-dotted) and f\ exchanges with set 
A (solid line) and set B (long-dashed line). A soft cut-off parameter (set A) close to the 
mass of the fi implies that all the contributions related to f\ exchange become negligibly 
small. On the other hand, for the parameter values given by set B, the f\ exchange 
contribution is much larger than that from 7] exchange. Note, that this large uncertainty 
in the cut-off presently cannot be controlled by data and we will discuss the relevance of 
the fi exchange contribution for all reactions separately throughout this study. For set 
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B the total cross section for the reaction 7r~p — > a^p is about 0.5 mb at 2.4 GeV/c (cf. 
Fig. § (upper part)) while the forward differential cross section is about 1 mb/GeV 2 . 

The rj and f\ exchanges, however, do not contribute to the amplitude of the charge 
exchange reaction 7t~p — ► a®n. In this case we have to consider the contributions of the 
s- and tt-channel diagrams (Fig. [I] c and |I| d): 



fnNX 

n 

Pl/t "(Pis) [(Pi + P2)a7a + ™iv] 7/, 75«G»2); (13) 



n j-s I - \ JnNN J- , \ 

p -> a n) = g ao jVAr t F n\ s ) x 

777^ s — rr% 



M«/ - \ fnNN 1 i-, / \ 

^(Tr p -> a n) = # aoAW t F n\ u ) x 

m,r it — 

X Pl/i w(P 2 )7^75 [(p 2 - p'OaTa + mjv] u(p 2 ), (14) 

where s = {p\ + P2) 2 , u = (P2 — Pi) 2 and is the nucleon mass. 

The nNN coupling constant is taken as f% NN /47r = 0.08 |^7| and the form factor for 
each virtual nucleon is taken in the so-called monopole form 

= A% + ^- m%r (15) 



Following [IS] we adopt here a cut-off parameter Ajv = 1.24 GeV (see also discussion 
below) . 

The the rare-dotted and dash-double-dotted lines in the lower part of Fig. ^| show 
the differential cross section for the charge exchange reaction ir~p — > a^n at 2.4 GeV/c 
corresponding to s- and w-channel diagrams, respectively. Due to isospin constraints only 
the s channel contributes to the ir~p — > a^p reaction (rare-dotted line in the upper part 
of Fig. |). In these calculations the cut-off parameter A^r = 1-24 GeV and g 2 ^^^/^ — 1 



have been employed in line with the Bonn potential ||27|| . The solid line in the lower part 
of Fig. [| describes the coherent sum of the s- and it-channel contributions. Except for the 
very forward region the s-channel contribution (rare-dotted line) is rather small compared 
to the u channel for the charge exchange reaction n~p — > a^n, which may give a backward 
differential cross section of about 1 mb/GeV 2 . The corresponding total cross section can 
be about 0.3 mb at this energy (cf. Fig. middle part). 

There is a single experimental point for the forward differential cross section of the 
reaction n~p — > a^n at 2.4 GeV/c ( [j30~| , lower part of Fig. 0), 

da 



dt (0> - agn) 



0.49 mb/GeV 2 . 



Since in the forward region (t ~ 0) the s- and it-channel diagrams only give a smaller cross 
section, the charge exchange reaction n~p — > a^n is most probably dominated at small 
t by the isovector £»! (I -1 )- and p 2 (2 )- meson exchanges (see, e.g., [pj] ). Though the 
couplings of these mesons to 7ia and A^A" are not known, we can estimate ^-{ix~p — ► a^n) 
in the forward region using the Regge-pole model as developed by Achasov and Shestakov 



12 1 . Note, that the Regge-pole model is expected to provide a reasonable estimate for 



the cross section at medium energies of about a few GeV and higher (see, e.g., [^T], |32[ 
and references therein). 
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3.2 The Regge-Pole Model 

The s-channel helicity amplitudes for the reaction rr~p — > a^n can be written as 

Mx> 2 \ 2 (n~P -> a° n) = u X ' 2 (p 2 ) [-A(s,t) + 
B(s,tY 



+ (Pl+Pi)o7o 



7sMa 2 (P2), (16) 



where the invariant amplitudes A(s, £) and -B(s, t) do not contain kinematical singularities 
and (at fixed t and large s) are related to the helicity amplitudes as 



'++ 



SB, M+_ « V^min - t A (17) 



The differential cross section then can be expressed through the helicity amplitudes in 
the standard way as 

^(ir~p -> a° {) n) = 1 . \ (|M ++ | 2 + |M + J 2 ). (18) 
Usually it is assumed that the reaction 7r~p — > at high energies is dominated by 



the &i Regge-pole exchange. However, as shown by Achasov and Shestakov |12 this 



assumption is not compatible with the angular dependence of da/dt(n p — > a^n) observed 



at Serpukhov at 40 GeV/c |33| , [34J] and Brookhaven at 18 GeV/c [pq] . The reason is 
that the b\ Regge trajectory contributes only to the amplitude A(s, t) giving a dip in 
differential cross section at forward angles, while the data show a clear forward peak 
in da/dt(7r~p — > ct^n) at both energies. To interpret this phenomenon Achasov and 
Shestakov introduced a p 2 Regge-pole exchange conspiring with its daughter trajectory. 
Since the p 2 Regge trajectory contributes to both invariant amplitudes, A(s, t) and B(s, t), 
its contribution does not vanish at the forward scattering angle G = thus giving a 
forward peak due to the term |M ++ | 2 in da/dt. At the same time the contribution of 
the p 2 daughter trajectory to the amplitude A(s, t) is necessary to cancel the kinematical 
pole at t — introduced by the p 2 main trajectory (conspiracy effect). In this model 
the s-channel helicity amplitudes can be expressed through the b\ and the conspiring p 2 
Regge trajectories exchange as 

M ++ » M? + (s,t) = 7p2 (t)expH-a P2 (t)] (-J , (19) 



M+_ « Af£_ (s, t) = ^(t miQ -t)/s j bl (t) x 



71 ( S \ ° b i W 

x iexp[-i-a 6l (t)] y— J , (20) 
where j P2 (t) = 7 P2 (0) exp(6 P2 t), 7 6l (t) = 7 6l (0) exp(6 6l t), 

^min ~ ~ m N( m a ~ m V) I ' ^ ' i s o ~ 1 GeV 2 while the meson Regge trajectories have the 
linear form <x,(t) = ay(0) + a^(0)£. 

Achasov and Shestakov describe the Brookhaven data on the t distribution at 18 GeV/c 
for — i min < —t < 0.6 GeV 2 |35| by the expression 



dN _ 
~dJ- Cl 



(21) 



6 



where the first and second terms describe the p 2 and b\ exchanges, respectively. They 
found two fits: a) Ai = 4.7 GeV- 2 J C 2 /C 1 = 0, C x » 0; b) A x = 7.6 GeV" 2 , C 2 /d « 
2.6 GeV -2 , A2 = 5.8 GeV~ 2 . This implies that at 18 GeV/c the 61 contribution yields only 
1/3 of the integrated cross section. Moreover, using the available data on the reaction 
n~p — > a2(1320)n at 18 GeV/c and comparing with the data on the 7r~p — > a^n reaction 
they estimated the total and forward differential cross sections a{ji^p — ► a^n — > 7r°i]n) « 
200 nb and [da/dt{-K~p -> agn -> vr r/n)] 4=0 « 940 nb/GeV 2 . Taking Br(ag -> vr°r7) « 0.8 
we find a(n~p — > a^n) ~ 0.25 /ib and [da/dt(ir~p — > agn)] t= o ~ 1.2 /xb/GeV 2 . 

In this way all the parameters of the Regge model can be fixed and we will employ it 
for the energy dependence of the n~p — > a[}n cross section to obtain an estimate at lower 
energies, too. 

The mass of the p 2 {2 ) is expected to be about 1.7 GeV (see |36| and references 
therein) and the slope of the meson Regge trajectory in the case of light (u, d) quarks is 
0.9 GeV~ 2 [[J7[]. Therefore, the intercept of the p 2 Regge trajectory is a P2 (0) = 2— 0.9m 2 2 ~ 
—0.6. Similarly - in the case of the bi trajectory - we have 0^(0) ~ —0.37. At forward 
angles we can neglect the contribution of the b\ exchange (see discussion above) and write 
the energy dependence of the differential cross section in the form 



^^Regge / _ 



dt 



[TV p — > a n y 



da P2 



t=o 



dt 



t=o 

1 - 2 - 2 



(22) 



(pf m -) 2 \s 

This provides the following estimate for the forward differential cross section at 2.4 GeV/ c 



^^Regge / _ 



dt 



■ t - x 
-(tt p -> a n, 



0.6 mb/GeV 2 , (23) 



t=o 



which is in agreement with the experimental data point JJIJ (lower part of Fig. 0). Since 
the b\ and p 2 Regge trajectories have isospin 1, their contribution to the cross section for 
the reaction 7t~p — > a^p is twice smaller, 

^^(n-p - a p) = \ ^f^(n-p - agn). (24) 

In Fig. the dotted lines show the resulting differential cross sections for da-& egge {7[~ p — > 
clqp) /dt (upper part) and dan eggc (7i~p — > a^nj/dt (lower part) at 2.4 GeV/c corresponding 
to p 2 Regge exchange, whereas the dash-dotted lines indicate the contribution for p 2 and 
b\ Regge trajectories. For t — > both Regge parametrizations agree, however, at large 
\t\ the solution including the 61 exchange gives a smaller cross section. The cross section 
da^ egge (n ~p — > a,Qp)/dt in the forward region exceeds the contributions of 77, /1 (set A) and 
s-channel exchanges, however, is a few times smaller than the /i-exchange contribution 
for set B. On the other hand, the cross section dan egge (7i~ p — > a^nj/dt is much larger 
than the s- and u-channel contributions in the forward region, but much smaller than the 
M-channel contribution in the backward region. 

The integrated cross sections for rr~p — > a^p (upper part) and n~p — > a^n (middle 
and lower part) for the Regge model are shown in Fig. || as a function of the pion lab. 
momentum by dotted lines for p 2 exchange and by dash-dotted lines for p 2 , b± trajectories. 
In the few GeV region the cross sections are comparable with the u-channel contribution. 
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At higher energies the Regge cross section decreases as s~ 3 ' 2 in contrast to the non- 
Reggeized /i-exchange contribution which increases with energy and seems to be too 
large at 2.5 GeV/c for parameters from the set B. We thus expect parameter set B to be 
unrealistic. 

The main conclusions of this Subsection are as follows. In the region of a few GeV 
the dominant mechanisms of a® production in the reaction irN —>■ a N is the w-channel 
nucleon exchange (cf. middle part of Fig. |^). Similar cross section (~ 0.4-1 mb) is 
predicted by the Regge model with conspiring p 2 (or p 2 and b\) exchanges, normalized to 
the Brookhaven data at 18 GeV/c (lower part of Fig. |3|). The contributions of s-channel 
nucleon and t-channel 77-meson exchanges are small (cf. upper and middle parts of Fig. ^). 

3.3 Possible Signals of clq Production in the Reaction 

ttN KKN 

In Fig. [|we show the existing experimental data on the reactions — > nK + K~ (upper 
left), 7t~p nK°K° (upper right), n + p — > pK + K° (lower left), and 7i~p — > pK°K~ 
(lower right) taken from The solid curves describe s- and u-channel contributions, 

calculated using the dipole nucleon form factor (F^(u)) with A^r = 1-35 GeV. The short- 
dashed and long-dashed curves describe r\ and f\ t-channel exchanges, respectively. Two 
different choices of the Regge-pole model are shown by the dash-dotted curves which 
describe p 2 exchange (upper) and p 2 &i exchange (lower). The crossed solid lines display the 
background contribution (see diagram e) in Fig. [I]) which was calculated using parameters 
of the K* exchange from the Jiilich model 0. It is important that for the reactions n + p — > 
pK + K° and n~p — > pK°K~, where the KK pair has isospin 1, the main contributions 
come from P-wave KK pair production from the nir state and from S-w&ve KK pair 
production from the rjir state. These selection rules follow from G-parity conservation 
(note that the G parity of the KK system with orbital momentum L and isospin I is 
given by (— 1) L+/ ). At the same time for the reactions 7t~p — > nK + K~ and 7i~p — > nK°K° 
the essential contribution to the background stems from S"-wave KK pair production from 
the isoscalar nir state. Let us note that the parametrization of the total cross sections for 



the reactions nN — > KKN has been discussed previously in p9 |. Here we analyze also 
contributions from different channels to the total cross sections. 

The most important point is that for all the reactions the background is essentially 
below the data at the cm. energy release Q < 300 MeV. In case of the reactions 7c + p — > 
pK + K° and n~p — > pK°K~ this, to our opinion, can only be due to a contribution of 
the ao. Of course, in the reactions 7t~p — > nK + K~ and it~p — > nK°K° both scalar 
mesons, /o and ao, can contribute. In a series of bubble chamber experiments, performed 
in 60— 70-ties, a structure was reported in the mass distribution of the K®K® system 
produced in the reaction n~p — > nK®K® (see, e.g., [(5J and references therein). Usually 
this structure was attributed to the / (980). In our previous work we used the data on 
ii~p — ► nfo — > nK®K® to find a restriction on the branching Br(/o — > KK) ||l|. We see 
here from Fig. [| (upper right) that an important contribution to the cross section of the 
reaction 7r~p — > nK°K° at Q < 300 MeV comes also from the ao- We cannot exclude that 
there can also be some contribution from do (980) at Q > 300 MeV. If this is really the 
case, our restriction on Br(/ - * KK) |41[] has to be corrected. This problem, however, 
requires further analysis. 

Let us note that the amplitude corresponding to the Feynman diagram e) in Fig. [l| 
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would predict a sharply rising cross section for Q > 400 MeV. To suppress this unrealistic 
behavior we used a Reggeized K*- propagator multiplying the Feynman propagator of the 
vector meson in all the amplitudes by the Regge power (s/so) * with ax* (0) ~ 0.25, 
y/so = 2rriK + rriN- The background curves are in reasonable agreement with the data on 
the reactions n + p — > pK + K° and n~p — > pK°K~ at Q > 400 MeV (see the crossed solid 
lines in two lower parts of Fig. 

The Regge-pole model for ao production, especially the set with b\p 2 exchange, is 
in a good agreement with the data for all the reactions at Q <300 MeV giving a cross 
section of the reaction ttN -> a N -> KKN of about 20-30 fib at Q ~ 100-300 MeV. At 
larger Q it drops very fast. The w-channel contribution is also in a good agreement with 
the data on the reaction n + p — > pK + K°, but the coherent sum of the u- and s-channel 
contributions is below the data for the reactions it^p — > nK + K~~ and n~p — > nK°K°. 
The t-channel r\ and fi exchange contributions are small and can be neglected. 

Note that both invariant mass distributions of the K~K° and K®K® systems presented 
in El show a resonance-like structure near the KK threshold at Q < 300 MeV. However, 



because of a comparatively small number of events for each fixed initial momentum those 
distributions are averaged over a large interval of about 1 GeV/c in p lab . Unfortunately, 
those distributions cannot be directly compared with theoretical ones at any fixed Q 
especially in the near-threshold region. In order to give another strong argument, that 
the ao contribution is really necessary to explain the existing experimental data, let us 
consider the energy dependence of the total cross section of the reaction 7i~p — > pK~K°. 
Averaging the existing data from [38 versus p^ over the intervals 2.0±0.15 and 3.0±0.15 
GeV/c we find <T av = 34.9 ± 3.3 and 73.8 ± 7.6 [ib, respectively. The ratio of those cross 
sections is equal to R21 — 2.1 ±0.05. The energy behaviour of the background contribution 
in our model is <7b g ~ Q 2 ' 3 - If we assume that in the interval of Q = 250 — 630 MeV (which 
corresponds to the interval of p\^ = 2-3 GeV/c) the background contribution is present 
only, we get i?2i — 5.5. This means that at 3 GeV/c we should expect cross section 
~ 200 fib instead of ~ 70 fib. Evidently, experimental data are inconsistent with this 
assumption. 

Let us formulate the main conclusions of this Subsection. The existing data on the 
reactions ir + p — > pK + K° and ir~p — > pK°K~ give a rather strong evidence that at low 
energy above threshold (Q < 300 MeV) they are dominated by a production. The same 
is true also for the reactions 7t~p — > nK + K~ and ir~p — > nK°K°, where some smaller 
contribution of fo may also be present. The value of the ao production cross section 
is reasonably described by the Regge-pole model with (p2,»i) exchange as proposed by 
Achasov and Shestakov (jT3]. The w-channel exchange mechanism also gives a reasonable 
value of the cross section. 



4 The Reaction AW NNa 

4.1 An Effective Lagrangian Approach with One-Pion Exchange 

We consider aj], a^ , a^ production in the reactions j = pp — > ppa$, pp — > pria^ , 
pn — > ppa,Q , and pn — > pna^ using the effective Lagrangian approach with one-pion ex- 
change (OPE). For the elementary ttN — > Nao transition amplitude we take into account 
different mechanisms a corresponding to t-channel diagrams with r/(550)- and /i(1285)- 
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meson exchanges (a = t(r)), t(f\)) as well as s- and w-channel graphs with an intermediate 
nucleon (a = s(N), u(N)) (cf. |Jl8|). The corresponding diagrams are shown in Fig. ||. 
The invariant amplitude of the iViV — > NNao reaction then is the sum of the four basic 
terms (diagrams in Fig. [5]) with permutations of nucleons in the initial and final states 

M] {a) [ab; cd] = C j{a) [ab] cd] M n a [ab; cd] + $ {a) [ab; dc] M n a [ab; dc] + (25) 
+Q a) [ba; dc] Ml[ba; dc] + Q a) [ba; cd] Ml[ba; cd], 

where the coefficients ^jt a ) are gi ven i n Table. The amplitudes for the t-channel exchange 
with ?7(550)- and /i(1285)-mesons are given by 

Mt {v) [ab; cd] = g aoV nF aoV n {[.Pa - Pc) 2 , (Pd - Pb) 2 ) g V NNF v ((p - p c ) 2 ) x 

x ^ a _ p ]y_ m 2 u (Pch5u(Pa) x n(Pb,Pd), (26) 



Mt(_ fl) [ab; cd] = -g ao f l7 rF aoh7T \Jj> a - p c ) , (p d - p b ) J g flNN F h [{p a -p c ) J x 
x {pa _ p 'y_ m}i (p a -Pc + 2(p b - Pd ))»X 

v ( (Pa-Pc)v(Pa-Pc)u \ ^ 

x [Of W h ) x 

x u(Pch5luu(p a ) x U(p b ;p d ), (27) 

with 

n(pb; Pd) = ((p b - p d ) 2 ) (p b - p d ){3 u{p d )i5lpu{p h ) x 

x \- 2 -. (28) 

(Pb -Pd) - m i 

The amplitudes for the s and u channels (lower part of Fig. |5|) are given as 

/ NN 

Ml {N) [ab\ cd] = Tl(pb', Pd) — — — — -FV ((Pd ~ Pb) 2 ) ga NN x (29) 

x F N {{p a + p b -p d f) x 

(Pa+Pb ~ Pd) 2 ~ fn\ 
x {Pd - Pb)^ u(p c ) [(p a + p b - p d )sls + m N ]'j 5 'j^u(p a ) , 

/ NN 

Ml {N) [ab] cd] = Tl(p b ;p d ) -^-F n ((p d - Pb) 2 ) g ao NN x (30) 

F N ((p c + Pd - Pb) 2 ) 
{p c + Pd - Pb) 2 - m% 
x (Pd ~ Pb)n M(p c )757 At [(Pc + Pd ~ Pb)sls + m N ]u{p a ). 

Here p a ,Pb and p c ,Pd are the four momenta of the initial and final nucleons, respectively. 
As in the previous Section we mostly employ coupling constants and form factors from 
the Bonn— Jiilich potentials (see, e.g., |27], |28|, (42|). 
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For the form factors at the ao/ivr (as well as ao?77r) vertex factorized forms are applied 
following the assumption from []43], [jjj , 



F ao f l7 r(ti, ty — i^JViV^l) FnNN 2 ) j (31) 

where F^nn^), F^NN^t) are taken in the monopole form (see previous Section). Usually 
the cut-off parameter A„-aw is taken in the interval 1—1.3 GeV. Here we take = 1-05 

GeV (see also the discussion in [|E|). 

As shown in the analysis of [|TBJ the contribution of the rj exchange to the amplitude 
ttN — > a N is small (cf. also Section 3). Note that in [|!| only this mechanism was taken 
into account for the reaction pn — > ppa^ . Here we also include the r] exchange because it 
might be noticeable in those isospin channels where a strong destructive interference of 
u- and s-channel terms can occur (see below). 

Since we have two nucleons in the final state it is necessary to take into account 
their final state interaction (FSI), which has some influence on meson production near 
threshold. For this purpose we adopt the FSI model from j|6| based on the (realistic) 
Paris potential. We use, however, the enhancement factor F^n^nn) - as given by this 
model - only in the region of small relative momenta of the final nucleons q^N < qo, where 
it is larger than 1. Having in mind that this factor is rather uncertain at larger q^N, where 
for example contributions of nonnucleon intermediate states to the loop integral might be 
important, we assume that F NN (q NN ) = 1 for q NN > q . 

In Fig. P we show the total cross section as a function of the energy excess Q = y/s—^fsQ 
for the reactions - pp — » ppa® (upper part) and pp — > pna^ (lower part). The solid lines 
with full dots and with open squares (r.h.s.) represent the results within the p 2 and 
{p2,b\) Regge exchange model. The dotted lines (l.h.s.) correspond to the channel, 
the rare-dotted lines to the t(rj) channel, the dashed lines to the u(N) channel, the short 
dashed lines to the s(N) channel. The dashed line in the right upper part of Fig. |G] is the 
incoherent sum of the contributions from s(N) and u(N) channels (s + u). 

As seen from Fig. |6], the u and s channels give the dominant contribution; the t(fi) 
channel is small for both isospin reactions. For the reaction pp — > pnciQ, the Regge 
exchange contribution (extended to low energies) becomes important. For the pp — > ppa^ 
channel the Regge model predicts no contribution from p 2 and (p2,&i) exchanges due 
to isospin arguments (i.e., the vertex with a coupling of three neutral components of 
isovectors vanishes); thus only s, u, t(r]), and t(/i) channels are plotted in the upper part 
of Fig. |. 

Here we have to point out the influence of the interference between the s and u 
channels. According to the isospin coefficients from the OPE model presented in Table, 
the phase (of interference a) between the s and u channels -M^n + exp(— ia)A4^ N ^ is 
equal to zero, i.e., the sign between Ais(N) anc ^ ^u(n) ^ s "phis". The solid lines in Fig. || 
indicate the coherent sum of s(N) and u(N) channels including the interference of the 
amplitudes (s + w+int.). One can see that for the pp — > pna^ reaction the interference is 
positive and increases the cross section, whereas for the pp —>■ ppa^ channel the interference 
is strongly destructive since we have identical particles in the initial and final states and 
the contributions of s and u channels are very similar. 

Here we would like to comment about an extension of the OPE (one-pion exchange) 
model to an OBE (one-boson exchange) approximation, i.e., accounting for the exchange 
of a, p, u, ... mesons as well as for multi-meson exchanges. Generally speaking, the total 
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cross section of a production should contain the sum of all the contributions: 



a(NN -> NNa ) = E j( T 



J- 



where j = n, a, p, u.... Depending on their cut-off parameters the heavier meson exchanges 
might give a comparable contribution to the total cross section for ao production. An 
important point, however, is that near threshold (e.g. Q < 0.3 — 0.6 GeV) the energy 
behavior of all those contributions is the same, i.e., it is proportional to the three-body 
phase space <jj ~ Q 2 (when the FSI is switched off and the narrow resonance width 
limit is taken). In this respect we can consider the one-pion exchange as an effective 
one and normalize it to the experimental cross section by choosing an appropriate value 
of A„-. The most appropriate choice for A n is about 1-1.3 GeV. Another question is 
related to the isospin of the effective exchange. As it is known from a serious of papers 
on the reactions NN — > NNX,X = rj,T)',u,<f) the most important contributions to the 
corresponding cross sections near threshold come from 7r and p exchanges (see, e.g., the 
review |57] and references therein). In line with those results we assume here that the 
dominant contribution to the cross section of the reaction NN —>■ NNao comes also 
from the isovector exchanges (like tt and p). In principle, it is also possible that some 
baryon resonances may contribute. However, there is no information about resonances 
which couple to the a N system. Our assumptions thus enable us to make exploratory 
estimates of the ao production cross section without introducing free parameters that 
would be out of control by existing data. The model can be extended accordingly when 
new data on the ao production will be available. 

Another important question is related to the choice of the form factor for a virtual 
nucleon, that - in line with the Bonn— Jiilich potentials - we choose as given by flT5|), 
which corresponds to monopole form factors at the vertices. In the literature, furthermore, 
dipole-like form factors (at the vertices) are also often used (cf. [HI, E7L SSI). However, 



there are no strict rules for the "correct" power of the nucleon form factor. In physics 
terms, the actual choice of the power should not be relevant; we may have the same 
predictions for any reasonable choice of the power if the cut-off parameter Ajy is fixed 
accordingly. Note, that Ajy may also depend on the type of mesons involved at the 



vertices. In our previous work [IS] we have fixed A at for the monopole related form factor 
fll5D in the interval 1.2-1.3 GeV fitting the forward differential cross section of the reaction 
pp — > dciQ from [H9J . On the other hand, the same data can be described rather well using 
a dipole form factor (at the vertices) with A^v =1.55—1.6 GeV. If we employ this dipole 
form factor with A^ =1.55-1.6 GeV in the present case we obtain practically identical 
predictions for the cross sections of the channels pp — > pna^, pn — > pna^, pn —>■ ppa^ , 
where the w-channel mechanism is dominant and u — s interference is not too important. 
In the case of the channel pp — > ppa® we obtain cross sections by up to a factor of 2 
larger for the dipole-like form factor in comparison to the monopole one. This is related 
to the strong destructive interference of the s and u exchange mechanisms, which slightly 
depends on the type of form factor used. However, our central result, that the cross 
section for the pna^ final channel is about an order of magnitude higher than the ppa(j 
channel in pp collisions, is robust (within less than a factor of 2) with respect to different 
choices of the form factor. 

As seen from Fig. |6], we get the largest cross section for the pp — > pna^ isospin 
channel. For this reaction the u channel gives the dominant contribution, the s-channel 
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cross section is small such that the interference is not so essential as for the pp — > ppa^ 
reaction. 

As it was already discussed in our previous study [|ll| an effective Lagrangian model 
cannot be extrapolated to high energies because it predicts the elementary amplitude 
it N — > aoN to rise fast. Therefore, such model can only be employed not far from 
the threshold. On the other hand, the Regge model is valid at large energies and we 
have to worry, how close to the threshold we can extrapolate corresponding amplitudes. 
According to duality arguments one can expect that the Regge amplitude can be applied at 
low energy, too, if the reaction ttN — > aoN does not contain essential s-channel resonance 
contributions. In this case the Regge model might give a realistic estimate of the irN — » 
a N and NN — > NNciq amplitudes even near threshold. 



Anyway, as we have shown in [jTj| (see also Section 3) the Regge and u-channel model 
give quite similar results for the ir~p — > a^n cross section in the near threshold region; 
some differences in the cross sections of the reactions NN — ► NNciq - as predicted by 
those two models - can be attributed to differences in the isospin factors and effects of 
NN antisymmetrization which is important near threshold (the latter was ignored in the 
Regge model formulated for larger energies). 

4.2 The Reaction NN NNa -> NNKK 
4.2.1 Numerical Results for the Total Cross Section 

In the upper part of Fig. [7] we display the calculated total cross section (within parameter 
set 1 (|8p) for the reaction pp — > pna^ —>■ pnK + K° in comparison to the experimental data 
for pp — ► pnK + K° (solid dots) from [|3£| as a function of the excess energy Q = y/s — yfsQ. 
The dot-dashed and solid lines in Fig. |7] correspond to the coherent sum of s(N) and 
u(N) channels with interference (s + u+int.), calculated with a monopole form of the form 
factor ([ID with A N = 1.24 GeV and with a dipole form (F N (u) 2 ) with A N = 1.35 GeV, 
respectively. We mention that the latter (dipole) result is in better agreement with the 
constraints on the near-threshold production of ao in the reaction n + p — > K + K°p (see 
Section 3). In the middle part of Fig. [7] the solid lines with full dots and with open 
squares present the results within the p 2 and (p2,&i) Regge exchange model. The dotted 
line shows the 4-body phase space (with constant interaction amplitude), while the dashed 
line is the parametrization from Sibirtsev et al. |39|. We note, that the cross sections for 



parameter set 2 (|9]) are similar to set 1 (jg) and larger by a factor ~ 1.5. 

In the lower part of Fig. we show the calculated total cross section (within parameter 
set 1) for the reaction pp — > ppa® — > ppK + K~ as a function of Q = \fs — ^/so in comparison 
to the experimental data. The solid dots indicate the data for pp — > ppK°K° from |RS 



the open square for pp — > ppK + K is from the DISTO collaboration ||5()|| , and the full 
down triangles show the data from COSY-11 |[51||. 



For the pp — > ppa® — > ppK + K~ reaction (as for pp — > ppa^) there is no contribution 
from meson Regge trajectories; s and u channels give similar contributions such that their 
interference according to the effective OPE model (line s + w+int.) is strongly destructive 
(cf. upper part of Fig. [(]). The t(fi) contribution (dotted line) is practically negligible, 
while the t(rj) channel (rare-dotted line) becomes important closer to the threshold. 

Thus our model gives quite small cross sections for a° production in the pp — > ppK + K~ 
reaction which complicates its experimental observation for this isospin channel. The 
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situation looks more promising for the pp — > pria^ — > pnK + K° reaction since the aj" 
production cross section is by an order of magnitude larger than the a[j one. Moreover, 
as has been pointed out with respect to Fig. |6|, the influence of the interference is not so 
strong as for the pp — > ppa^ — ► ppK + K~ reaction. 

Here we stress again the limited applicability of the effective Lagrangian model (ELM) 
at high energies. As seen from the upper part of Fig. [j], the ELM calculations at high 
energies go through the experimental data, which is not realistic since also other channels 
contribute to K + K° production in pp reactions (cf. dashed line from [39|). Moreover, the 



ELM calculations are higher than the Regge model predictions which indicates, that the 
ELM amplitudes at high energies have to be reggeized. 

4.2.2 Numerical Results for the Invariant Mass Distribution 

As follows from the lower part of Fig. ^|, the ao contribution to the K + K~ production in 
the pp — > ppK + K~ reaction near the threshold is hardly seen. With increasing energy 
the cross section grows up, however, even at Q = 0.111 GeV the full cross section with 
interference (s+u+int.) gives only a few percent contribution to the 0.11±0.009±0.046 fib 
"nonresonant" cross section (without <fi — > K + K~) from the DISTO collaboration [pjf . 

To clarify the situation with the relative contribution of a° to the total K + K~ pro- 
duction in pp reactions we calculate the K + K~ invariant mass distribution for the pp — » 
ppK + K~ reaction at pi a b = 3.67 GeV/c, which corresponds to the kinematical conditions 
for the DISTO experiment [5C]. The differential results are presented in Fig. |^. The upper 



part shows the calculation within parameter set 1, whereas the lower part corresponds 
to set 2. The dot-dashed lines (lowest curves) indicate the coherent sum of s(N) and 
u(N) channels with interference (s + w+int.) for the ao contribution. However, one has to 
consider also the contribution from the fo scalar meson, i.e. the pp — > ppfo —>■ ppK + K~ 
reaction. The fo production in pp reactions has been studied in detail in Q]. Here we 
use the result from M| and show in Fig. ^| the contribution from the fo meson (calculated 
with parameter set A from |4~I|) as the solid line with open circles (fo)- 



We find that when adding the fo contribution to the phase-space of nonresonant K + K~ 
production (the dotted lines in Fig. |8|) and the contribution from <fi decays (resonance peak 
around 1.02 GeV), the sum (solid) lines almost perfectly describe the DISTO data. This 
means that there is no visible signal for an a{] contribution in the DISTO data according 
to our calculations while the fo meson gives some contribution to the K + K~ invariant 
mass distribution at low invariant masses M, that is ~ 12% of the total "nonresonant" 
cross section from the DISTO collaboration f50fl . Thus the reaction pp —>■ pnK + K° is 
more promising for a measurements as has been pointed above. 

4.2.3 Nonresonant Background 



Following we consider two mechanisms of nonresonant KK production, related to 
pion and kaon exchanges, which are described by the diagrams a) and b) in Fig. || The 
pion exchange amplitude can be calculated using the results of Section 3. As concerning 
the kaon exchange mechanism, the amplitude of the reaction NN — > NNao — > NNKK 
can be written as 

F 2 (q 2 ) 
q z — m z K 
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x u{p c ) A KN ^ KN (p c , ki,p a , q) u(p a ) x 

x u(Pd) A RN ^ RN (p d ,k 2 ;p b ,q) u(p b ) (32) 

with permutations of nucleons in the initial and final states. Here p a ,Pb and p c ,Pd are the 
four momenta of the initial and final nucleons, respectively; ki and k 2 are the momenta 
of the final kaons; q is the momentum of the virtual kaon; i<V(g 2 ) is the kaon form factor 
which we take in the monopole form with the cut-off parameter A =1.2 GeV. 

The antikaon-nucleon amplitude A^n^kn has been taken from []52] explicitly. Since 



near threshold the KN — > KN cross section depends mainly on the normalization of the 
amplitude, but not on its spin dependence, we adopt the simplest approximation that 
the amplitude A KN ^ KN is a Lorentz scalar. This allows us to connect the A KN ^ KN 
amplitude (squared) by simple kinematical factor to the KN — > KN cross section, where 



the parametrization for the elastic K + p — > K + p cross section has been taken from |53 
and the K°p — > K + n cross section has been parametrized according to the existing data 



The results of our calculations are shown in Fig. [10] in comparison to the experimental 
data. The contribution of the pion exchange mechanism (which we denoted as "BG:7r — 
K* exchange") is shown by the dotted curves. The dashed lines in the upper and lower 
parts describe the .fT-exchange mechanism. The thin solid lines show the total background, 
which in our model is the sum of pion and kaon exchange contribution. This background 
can be compared with the ao production cross section shown by the bold solid lines. In 
the case of the reaction pp — > pnK + K° (upper part) the a production cross section is 
much larger than the background, while in the case of the reaction pp — > ppK + K~ (lower 
part) the ao(980) resonance contribution (bold solid line) appears to be much smaller 
than the nonresonant background. We mention that the disagreement with the DISTO 
(Q ~ 100 MeV) and COSY-11 (Q ~ 17 MeV) data should be related to the K~pp final 
state interaction, which is known to be strong. 

4.2.4 Concluding Remarks on ao Production in pN Reactions 

In this Section we have estimated the cross sections of ao production in the reactions 
pp — > ppa>Q and pp — > pnciQ near threshold and at medium energies. Using an effective 
Lagrangian approach with one-pion exchange we have analyzed different contributions to 
the cross section corresponding to t-channel diagrams with 7/(550)- and /i(1285)-meson 
exchanges as well as s- and u-channel graphs with an intermediate nucleon. We ad- 
ditionally have considered the t-channel Reggeon exchange mechanism with parameters 
normalized to the Brookhaven data for ir~p — > a^p at 18 GeV/c []35|| . These results have 
been used to calculate the contribution of ao mesons to the cross sections of the reac- 
tions pp — > pnK + K° and pp — > ppK + K~. Due to unfavorable isospin Clebsh-Gordan 
coefficients as well as rather strong destructive interference of the s- and w-channel contri- 
butions our model gives quite small cross sections for a[] production in the pp — > ppK + K~ 
reaction. However, the production cross section in the pp — > pna^ — > pnK + K° re- 
action should be larger by about an order of magnitude. Therefore the experimental 
observation of in the reaction pp — > pnK + K° is much more promising than the obser- 
vation of a{] in the reaction pp — ► ppK + K~ . We note in passing that the 7rrj decay channel 
is experimentally more challenging since, due to the larger nonresonant background 1)5511 , 



the identification of the r/-meson (via its decay into photons) in a neutral-particle detector 
is required. 
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We have also analyzed invariant mass distributions of the KK system in the reaction 
pp — ► pNa$ — > pNKK at different excess energies Q not far from threshold. Our analysis 
of the DISTO data on the reaction pp —>■ ppK + K~ at 3.67 GeV/c has shown that the a[j 
meson is practically not seen in da/dM at low invariant masses, however, the /o meson 
gives some visible contribution. In this respect the possibility to measure the 

meson in da/dM for the reaction pp — > pnK + K° (or — > dK + K°) looks much more 
promising not only due to a much larger contribution for the Oq, but also due to the 
absence of the fo meson in this channel. It is also very important that the nonresonant 
background is expected to be much smaller than the ao signal in the pp — *> pnK + K° 
reaction. 

Experimental data on ao production in NN collisions are practically absent (except 
of the ao observation in the reaction pp —>■ dX ||49||). Such measurements might give new 



information on the ao structure. According to Atkinson et al. |56[ a relatively strong 
production of the ao (the same as for the 61 (1235)) in non- diffract ive reactions can be 
considered as evidence for a qq state rather than a qqqq state. For example, the cross 
section of a production in jp reactions at 25-50 GeV is about 1/6 of the cross sections 
for p and uj production. Similar ratios are found in the two-body reaction pp — > dX at 
3.8-6.3 GeV/c where a{pp — > da^) = (1/4 — l/6)a(pp — > dp + ). 

In our case we can compare ao and uj production. Our model predicts a{pp — > pna^) = 
30 — 70 pb at Q ~ 1 GeV which can be compared with a(pp — > ppuS) ~ 100 — 200 pb at 
the same Q. If such a large cross section could be detected experimentally this would be 
a serious argument in favor of the qq model for the a . 

To distinguish between the threshold cusp scenario and a resonance model one can 
exploit different analytical properties of the ao production amplitudes. In case of a gen- 
uine resonance the amplitude of rjir and KK production through the ao has a pole and 
satisfies the factorization property. This implies that the shapes of the invariant mass 
distributions in the r]7c and KK channels should not depend on the specific reaction in 
which the ao resonance is produced (for Q > T tot ). On the other hand, for the threshold 
cusp scenario the ao bump is produced through the 7ir} final state interaction. The cor- 
responding amplitude has a square root singularity and in general can not be factorized 
(see, e.g., |46j were the factorization property was disproven for pp FSI in the reaction 
pp — > ppM). This implies that for a threshold bump the invariant mass distributions 
in the tjtt and KK channels are expected to be different for different reactions and will 
depend on kinematical conditions (i.e., momentum transfer) even at the same value of 
excess energy, e.g., Q ~ 1 GeV. 



5 ao(980)-/o(980) Mixing and Isospin Violation in the 
Reactions pN —> dao, pd — »■ 3 He/ 3 Hao and dd — > 4 Heao 

5.1 Hints for a (980)-/ (980) Mixing 



As it was suggested long ago in [1 fj the dynamical interaction of the a (980)- and / (980)- 
mesons with states close to the KK threshold may give rise to a significant a (980)-/ (980) 
mixing. Different aspects of this mixing and the underlying dymanics as well as the 
possibilities to measure this effect have been discussed in Q,[|l^]-[|17|, f60| . Furthermore, it 



has been suggested by Close and Kirk that the new data from the WA102 collaboration 
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at CERN |26|] on the central production of f and a in the reaction pp — > p s Xpj provide 
evidence for a significant /b~ a o mixing intensity as large as |£| 2 = 8 ± 3%. In this Section 
we will discuss possible experimental tests of this mixing in the reactions 

pp — > daQ (a), pn — > ddQ (6), 

pd^ 3 Ra+ (c), pd^ 3 Rea° (d) 

and 

dd^ 4 Rea° (e) 

near the corresponding thresholds. We recall that the ao-meson can decay to ttt] or KK . 
Here we only consider the dominant tttj decay mode. Note that the isospin violating 
anisotropy in the reaction pn — > da^ due to the ao(980)-/o(980) mixing is very similar to 
that which might arise in the reaction pn — > dir° because of the 7r°— 77 mixing (see |57fl). 



Recently measurements of the charge-symmetry breaking in the reactions rr + d — > ppn 
and n~d — > nnn near the n production threshold were performed at BNL [57]. A similar 



experiment, comparing the reactions pd — > 3 He7r° and pd — > 3 B.ir + near the n production 
threshold, is now in preparation at COSY (Jiilich) ( see, e.g., |58[|). 



5.2 Reactions pp — > da^ and pn — ► da® 
5.2.1 Phenomenology of Isospin Violation 

In the reactions (a) and (b) the final da system has isospin If — 1, for If — (S'-wave pro- 
duction close to threshold) it has spin-parity J J = 1 + . The initial iViV system cannot be 
in the state = 1, Jf — 1 + due to the Pauli principle. Therefore, near threshold the da 
system should be dominantly produced in P-wave with quantum numbers = 0~, 1~ or 
2~. The states with Jf = 0~, 1 _ or 2 _ can be formed by an iViV system with spin Si = 1 
and li = 1 and 3. At the beginning for qualitative discussion we neglect the contribution 
of the higher partial wave (k = 3)0. In this case we can write the amplitude of reaction 
(a) in the following form 



T(pn — > d <2(J~) = 

= a + p • S k • e* + p+ p • k S ■ e* + 7 + S • k p • e*, (33) 

where S = 4>%<J2 &4>n is the spin operator of the initial iViV system; p and k are the 
initial and final cm. momenta; e is the deuteron polarization vector; a + , (3 + , 7 + are 
three independent scalar amplitudes which can be considered as constants near threshold 
(at k 0). 

Due to the mixing, the a[] may also be produced via the /o- in this case the a®d system 
will be in S'-wave and the amplitude of reaction (b) can be written as: 

T(pn — > d a°) = 

= a p • S k • e* + (3° p • k S ■ e* + 7 S • k p • e* + £F S • e*, (34) 

where £ is the mixing parameter and F is the fo production amplitude. In the limit 
k — > 0, F is again a constant. The scalar amplitudes a, (3, 7 for reactions (a) and (b) are 
related to each other by a relative factor of \/2 as: a + = \^2a°, (3 + = V2f3°, 7 + = V^l - 

^^See, e.g., phenomenological analysis in |59| where this partial wave was also taken into account. 
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The differential cross sections for reactions (a) and (b) have the form (up to terms 
linear in £) 



where 



da(pp — > d Oq 
dfi 

da{pn — > d a[ 



dfi 



2 - f C + C 2 cos 2 9 



P 



P 



(C + C 2 cos 2 6 + Ci cos 0) 



(35) 
(36) 



Co 
C 2 
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I«T + It°I 2 



Ci—pk \Re(^FY(a° + 3/3° + 7°)) 



~ p 2 k 2 [3 |/3°| 2 +2Re(a°/3°* + «°7°* + A " 



Similarly, the differential cross section of the reaction pn — > dfo can be written as 

da(pn -» d/ ) = 3_fc 2 
dfi ~ 2p 1 1 



(37) 



(38) 



The mixing effect — described by the term C\ cos G in Eq. (|36|) — then leads to an 
isospin violation in the ratio R ba of the differential cross sections for reactions (b) and (a), 



Rh 



1 



+ 



G\ cos 6 



2 ' C + C 2 cos 2 e' 

and to the forward-backward asymmetry for reaction (b): 

= a b (Q) - a b (7i - g) C lC os9 
b[ } a b (Q) + a b (ir - 9) C + C 2 cos 2 9 



(39) 



(40) 



The latter effect has been already discussed in [^DJ where it was argued that the 
asymmetry A b (Q = 0) can reach (5- 10)% at an energy excess of Q = (5 — 10) MeV. 
However, if we adopt a mixing parameter |£| 2 = (8 ± 3)%, as it follows from the WA102 
data, we can expect a much larger asymmetry. We note explicitly, that the coefficient 
C\ in ( p^) depends not only on the magnitude of the mixing parameter £, but also on 
the relative phases with respect to the amplitudes of f and a production, which are 
unknown so far. This uncertainty has to be kept in mind for the following discussion. 

If ao and /o were very narrow particles, then near threshold the differential cross 
section (|35|) , dominated by the P-wave, would be proportional to k 3 or Q 3//2 , where Q is 
the cm. energy excess. Due to 5-wave dominance in the reaction pn — ► dfo one would 
expect that the cross section scales like ~ k or ~ y/Q. In this limit the ao-fo mixing 
leads to an enhancement of the asymmetry A b (Q) as 1/k near threshold. In reality, 
however, both ao and fo have widths of about 40—100 MeV. Therefore, at fixed initial 
momentum their production cross section should be averaged over the corresponding mass 
distributions. This will essentially change the threshold behavior of the cross sections. 
Another complication is that broad resonances are usually accompanied by background 
lying underneath the resonance signals. These problems will be discussed below in the 
following Subsections. 
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5.2.2 Model Calculations 



In order to estimate isospin-violation effects in the differential cross-section ratio R^ a and 
in the forward-backward asymmetry Aj, we use the two-step model (TSM), which was 
successfully applied earlier to the description of rj-, rf-, u- and 0-meson production in the 
reaction pN — > dX in 52 1. Recently, this model has been also used for an analysis of 



the reaction pp — > da^ [IS 



The diagrams in Fig. |TT] describe the different mechanisms of ao- and /o- m eson pro- 
duction in the reaction NN — > da^/ f$ within the framework of the TSM. In the case of ao 
production the amplitude of the subprocess ttN — > a N contains three different contribu- 
tions: i) the / 1 (1285)-meson exchange (Fig. [TT| a); ii) the 77-meson exchange (Fig. [TTJ b); 
iii) s- and w-channel nucleon exchanges (Fig. [11] c and [11] d). As it was shown in |18[ the 
main contribution to the cross section for the reaction pp —>■ da^ stems from the w-channel 
nucleon exchange (i.e., from the diagram of Fig. [11] d) and all other contributions can be 
neglected. In order to preserve the correct structure of the amplitude under permutations 
of the initial nucleons (which is antisymmetric for the isovector state and symmetric for 
the isoscalar state) the amplitudes of ao and /q production can be written as the following 
combinations of the t- and w-channel contributions: 

T pn ^da°( s y ii u ) = A pn ^d a o(s , t) — A pn ^ da o(s,u), 

(s,t,u) = A pn ^ dfo (s,t) + A pn ^ dfo (s,u), (41) 

where s = (pi + P2) 2 , t — (ps - pi) 2 , u — (p 3 — p 2 ) 2 and p 1 , p 2 , P3, and p 4 are the 4- 
momenta of the initial protons, meson M and the deuteron, respectively. The structure 
of the amplitudes (|4]) guarantees that the S'-wave part vanishes in the case of direct 
ao production since it is forbidden by angular momentum conservation and the Pauli 
principle. Also higher partial waves are included in fl4"T|)(in contrast to the simplified 
discussion in Section 5.1). 

In the case of fo production the amplitude of the subprocess ttN — > f$N contains two 
different contributions: i) the 7r-meson exchange (Fig. |ll] b); ii) s- and w-channel nucleon 
exchanges (Fig. [TT] c) and d) . Our analysis has shown that similarly to the case of ao 
production the main contribution to the cross section of the reaction pn — > df is due to 
the w-channel nucleon exchange (i.e., from the diagram of Fig. [TT] d); the contribution of 
the combined nn exchange (Fig. [11] b) as well as the s-channel nucleon exchange can be 
neglected. In this case we get for the ratio of the squared amplitudes 



\A pn ^ dfo (s,t)\ 2 _ \A pn ^ dfo (s,u)\ 2 _ \g hr - 12 



\A pn — >da Q (s, t) | 2 \A pn ^ daQ (s, Ii) | 2 |fi , a A r 7v| 



(42) 



If we take g ao NN = 3.7 (see, e.g., [p7]P and gj NN =8.5 f28|, then we find for the ratio of 
the amplitudes R(fo/a ) = gf NN 1 9a NN = 2.3. Note, however, that Mull and Holinde 
p8| give a different value for the ratio of the coupling constants R(f /a ) = 1.46 which is 



lower by about 37 %. In the following we use R(fo/a ) =1.46-2.3. 

The forward differential cross section for reaction ( ctl ctS cl function of the proton beam 
momentum is presented in Fig. O. The bold dash-dotted and solid lines (taken from 



18| and calculated for the zero width limit) describe the results of the TSM for different 
values of the nucleon cut-off parameter, = 1.2 and 1.3 GeV, respectively. 

In order to take into account the finite width of ao we use a Flatte mass distribution 



with the same parameters as in (T^|: the i^-matrix pole at 999 MeV, T^^^ = 70 MeV, 
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T(KK) /T(irn) = 0.23 (see also |24J] and references therein). The thin dash-dotted and 
solid lines in Fig. [12| are calculated within TSM using this mass distribution with the cut 
M(7r + r]) > 0.85 GeV and = 1.2 and 1.3 GeV, respectively. The corresponding 7T°i] 
invariant mass distribution for the reaction pn —>■ da^ — > d7r°rj at 3.4 GeV/c is shown in 
Fig. O by the dashed line. 



In the case of the fo meson, where Br(KK) is not yet fixed p4" |, we use the Breit- 
Wigner mass distribution with uir = 980 MeV and Tr ~ Tf () ^ n7T = 70 MeV. 

The calculated total cross sections for the reactions pn — > dao and pn — *> dfo (as a 
function of Ti a b for Ajv=1.2 GeV ) are shown in Fig. [T4]. The solid and dashed lines 
describe the calculations with zero and finite widths, respectively. In the case of f 
production in the nir mode we take the same cut in the invariant mass of the nir system, 
M nn > 0.85 GeV. The lines denoted by 1 and 2 are obtained for R(f /ao) = 1.46 and 
2.3. Comparing the solid and dashed lines we see that near the threshold the finite width 
corrections to the cross sections are quite important. The most important changes are 
introduced to the energy behavior of the ao production cross section. (Compare also bold 
and thin lines in Fig. |T^). 

In principle, mixing can modify the mass spectrum of the a and fo- However, in this 
case the effect is expected to be less spectacular than for the p-u case where the widths 



of p and oo are very different (see, e.g., the discussion in [|57| and references therein). 
Nevertheless, the modification of the a{j spectral function due to ao-/o mixing can be 
measured comparing the invariant mass distributions of with that of Oq". According 
to our analysis, a much cleaner signal for isospin violation can be obtained from the 
measurement of the forward-backward asymmetry in the reaction pn — > da^ —>■ dit°n for 
the integrated strength of the ao- That is why for all calculations on isospin violation 
effects below, the strengths of fo and ao are integrated over the invariant masses in the 
interval 0.85-1.02 GeV. 



The magnitude of the isospin violation effects is shown in Fig. IT5J, where we present the 



differential cross section of the reaction pn — > da^ at T p = 2.6 GeV as a function of c . m . 
for different values of the mixing intensity |£| 2 : 0.05 and 0.11. For reference, the solid 
line shows the case of isospin conservation, i.e., |£| 2 = 0. The dash-dotted curves include 
the mixing effect. Note that all curves in Fig. [15| were calculated assuming maximal 
interference of the amplitudes describing the direct ao production and its production 
through fo. The maximal values of the differential cross section may also occur at c . m . = 
0° depending on the sign of the coefficient C\ in Eq. (36). 



It follows from Fig. 15 in either case that the isospin- violation parameter Afe(0) for 



c .m. = 180° may be quite large, i.e., 

A 6 (180°) = 0.86 - 0.96 or 0.9 - 0.98 (43) 

for R(fo/ao)= 1.46 or 2.3, respectively. Note that the asymmetry depends rather weakly 
on R(fo/cio). It might be more sensitive to the relative phase of ao and fo contributions. 

5.2.3 Background 



The dash-dotted line in Fig. 13 shows our estimations of possible background from non- 



resonant n°n production in the reaction pn — > aV // at Tj a b = 2.6 GeV (see also |63|]). The 



background amplitude was described by the diagram shown in Fig. [TT| e), where rj and 
7r mesons are created through the intermediate production of A(1232) (in the amplitude 
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ttN — > ttN) and A^(1535) (in the amplitude ttN — > r]N). The total cross section of the 
nonresonant nrj production due to this mechanism was found to be Obg — 0.8 fib for a 
cut-off in the one-pion exchange A,,- = 1 GeV. 

The background is charge-symmetric and cancels in the difference of the cross sections 
cr(O) — o~(7T — G). Therefore, the complete separation of the background is not crucial for 
a test of isospin violation due to the ao~fo mixing. There will be also some contribution 
from 7r-r) mixing as discussed in \ W7\ , |58f . According to the results of [57] this mechanism 



yields a charge-symmetry breaking in the r)NN system of about 6%: 

R = da{-K + d -> ppq)/a{-K~d nnrj) = 0.938 ± 0.009. 

A similar isospin violation due to n-n mixing can also be expected in our case. 

The best strategy to search for isospin violation is a measurement of the forward- 



backward asymmetry for different intervals of M m o. As it follows from Fig. |1^ we have 
^ao(^bg) = 0.3(0.4), 0.27(0.29) and 0.19(0.15) /A> for M^o > 0.85, 0.9 and 0.95 GeV, 
respectively. For M vn o < 0.7 GeV the resonance contribution is rather small and the 
charge-symmetry breaking will be mainly related to ir-i] mixing and, therefore, will be 
small. On the other hand, in the interval M > 0.95 GeV the background does not exceed 
the resonance contribution and we expect a comparatively large isospin breaking due to 
a -f mixing. 

5.3 Reaction pn —> dfo — ► dinr 

The isospin-violation effects can also be measured in the reaction 

pn — > df — > dii + 7r~, (44) 

where, due to mixing, the fo may also be produced via the a^. The corresponding differ- 
ential cross section is shown in Fig. The differential cross section for f production is 
expected to be essentially larger than for a production, but the isospin violation effect 
turns out to be smaller than in the 7r^-production channel. Nevertheless, the isospin- vio- 
lation parameter A is expected to be about 10—30% and can be detected experimentally. 

5.4 Reactions pd — > 3 HaJ and pd — > 3 Hea[j 

We continue with pd reactions and compare the final states 3 Hao~ (c) and 3 HeaQ (d). 
Near threshold the amplitudes of these reactions can be written as 



T(pd -> 3 H a+) = V2D a S A ■ e, (45) 

T ( p d _> 3 He a°) = (D a + £D f )S A ■ e, (46) 

with Sa = 0a°"2 <^<Pn- D a and Df are the scalar S'-wave amplitudes describing the ao and 
fo production in case of £=0. The ratio of the differential cross sections for reactions (d) 
and (c) is then given by 

dc ~ W " 2 + \Dj* • (47) 
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The magnitude of the ratio Rd c now depends on the relative value of the amplitudes D a 
and Df. If they are comparable (\D a \ ~ \Df\) or |-D/| 2 |-D Q | 2 the deviation of Rdc from 
0.5 (which corresponds to isospin conservation) might be 100% or more. Only in the case 
\Df\ 2 <C \D a \ 2 the difference of |i?dc| 2 from 0.5 will be small. However, this seems to be 
very unlikely. 

Using the two-step model for the reactions pd —>■ 3 He a® and pd —>■ 3 He fo, involving 
the subprocesses pp — > dir + and n + n — > p a / f (cf. |>2], §5]), we 



a(pd —+ 3 He a{j) a(ir + n ->paj 



a(pd -> 3 He / ) (x(7r+n -+ p / ) 



(48) 



According to the calculations in [|T^] we expect <j(ix + n — > pa®) = a(ir~p — > na°) — 0.5- 
1 mb at 1.75-2 GeV/c. A similar value for a(ir~p — > nfo) can be found using the results 
from [ffl]| . According to the latter study oiii^p — > n/o ~~ ► nK + K~) ~ 6 — 8 /ib at 1.75-2 
GeV/c and Br(/ — > K + K~) ~ 1%, which implies that a(n^p — > n/ ) — 0.6-0.8 mb. 
Thus we expect that near threshold |D a | ~ . This would imply that the effect of 
isospin violation in the ratio i?^ c can become quite large. 

Recently, the cross section of the reaction pd —>■ 3 He K + K~ has been measured by the 
MOMO collaboration at COSY (Jiilich) [§BJ. It was found a = 9.6 ±1.0 nb and 17.5 ±1.8 
nb for Q = 40 and 56 MeV, respectively. The authors note that the invariant K + K~ mass 
distributions in those data contain a broad peak which follows phase space. However, as 



it was shown in |19| the form of the invariant mass spectrum, which follows phase space, 
can not be distinguished from the ao resonance contribution at such small Q. Therefore, 
the events from the broad peak in [66| can also be related to the ao and/or fo- Moreover, 



due to the phase-space behavior near the threshold one would expect a dominance of 
two-body reactions. Thus the real cross section of the reaction pd — > 3 He — > 3 He tt t] 
is expected to be not essentially smaller than its upper limit of about 40—70 nb at Q = 
40-60 MeV which follows from the MOMO data IE3I. 



5.5 Reaction dd —> 4 Hea[j 

The direct production of the ao in the reaction dd — > 4 He is forbidden. It thus can only 
be observed due to the fo-ao mixing: 



cx(dd^ 4 He a°) 



K| 2 . (49) 



a(dd -> 4 He / ) 
Therefore it will be very interesting to study the reaction 

dd -> 4 He (tt° rf) (50) 



near the /o _ P r °duction threshold. Any signal of the reaction (|50|) then will be related to 
isospin breaking. It is expected to be much more pronounced near the fo threshold as 
compared to the region below this threshold. 

In summarizing this Section, we have discussed the effects of isospin violation in the 
reactions pN — > dao, pn — > dfo pd —>■ 3 He/ 3 Hao and dd — > 4 Heao which can be generated 
by fo~ a o mixing. It has been demonstrated that for a mixing intensity of about (8 ± 3)%, 
the isospin violation in the ratio of the differential cross sections of the reactions pp — > 
dciQ — ► d-K + rj and pn — ► da° — > d-n-°r] as well as in the forward-backward asymmetry in 
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the reaction pn — > da^ — > dir n not far from threshold may be about 50-100%. Such large 
effects are caused by the interference of direct ao production and its production via the 
fo (the former amplitude is suppressed close to threshold due to the P-wave amplitude 
whereas the latter is large due to the S- wave mechanism). A similar isospin violation is 
expected in the ratio of the differential cross sections of the reactions pd — > 3 HaQ~(7r + ?7) 
and pd — > 3 He a^vr ^). Finally, we have also discussed the isospin violation effects in 
the reactions pn — > df^iji^-K^) and dd — > 4 Heao- All reactions together — once studied 
experimentally — are expected to provide detailed information on the strength of the fo/ao 
mixing. Corresponding measurements are now in preparation for the ANKE spectrometer 
at COSY (Julich) |j 
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Table 1: Coefficients in Eq. fl2~5|) for different mechanisms of the pp —>■ ppa®, pp — > pna^ , 
pn — > ppaQ and pn — > pnaQ reactions 



Reaction j (mechanism a) 


£J (Q) [a6; erf] 


CJ (a )[a6; dc] 


^7 (a) [6o; dc] 


£J (a) [fca;cd] 


pp->ppa% (t(rj),t(fx)) 


+1/V2 




+1/V2 




(s(N)) 


+1/V2 


-1/V2 






(u(N)) 


+1/V2 


-1/^2 


+1/V2 


-1/V2 


Regge 














pp^pnal (t(r/),t(/i)) 


-V2 








+V2 


(s(JV)) 





+v/2 


-V2 





(«(JV)) 


+2^2 


-v/2 


+v/2 


-2^2 


Regge 


-1 


+1 


-1 


+ 1 


^ppao (t(r/),t(/i)) 


+1 


-f 








( S (iV)) 


-2 


+2 


-1 


+ 1 


(«(JV)) 








+1 


-1 


Regge 


+1/V2 


-1/^2 


-1/V2 


+ l/\/2 


pn -^pna[j (t(r/),t(/i)) 


-f 





+ 1 





(s(iV)) 


-f 


-2 


+ 1 


+2 


MAO) 


-f 


+2 


+ 1 


-2 


Regge 





+\/2 





-V2 
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Figure 1: The diagrams a)-d) for do production in the reaction irN — > a^N — > i^i^ near 
threshold and a diagram e) for nonresonant -ft'-fT "background" production. 
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Figure 2: The differential cross sections da/dt for the reactions ir~p — > a^p (upper 
part) and n~p — > a^n (lower part) at 2.4 GeV/c. The dash-dotted line corresponds to 
the rj exchange, solid and dashed lines (upper part) show the f\ contributions within sets 
A and B, respectively. The dotted and dash-double-dotted lines indicate the s and u 
channels while the solid line (lower part) describes the coherent sum of s- and u- channel 
contributions. The short dotted and short dash-dotted lines present the results within 
the P2 and (p2, ^1) R-egge exchange model, respectively (see text). 
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Figure 3: The total cross sections for the reactions n~p — > a^p (upper part) and n~p — > 
<Zq71 (middle and lower part) as a function of the incident momentum. The assignment of 
the lines is the same as in Fig. 2. The experimental data point at 18 GeV/c (lower part) 
is taken from 135 
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Figure 4: The total cross sections for the reactions n~p — > nK + K~ (upper left), 
TT^p — > nK°K° (upper right), n + p — > pK + K° (lower left) and n~p — > pK°K~ (lower 
right). Experimental data are taken from The solid curves describe s- and w-channel 
contributions, calculated with the dipole nucleon form factor (F^(u) with A N = 1.35 
GeV. The short-dashed and long-dashed curves describe 77 and f\ t-channel exchanges, 
respectively. Two different choices of the Regge-pole model are shown by the dash-dotted 
curves which describe p2-exchange (upper) and conspiring -exchange (lower). The 
crossed solid lines show the background contribution from diagram e) in Fig. 1. 
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ure 5: Diagrams for a production in the reaction NN — > a NN. 
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Figure 6: The total cross sections for the reactions pp — > ppa® (upper part) and pp — > 
pna~Q (lower part) as a function of the excess energy Q = ^Js — ^/Jq calculated with FSI. 
The short dotted lines (l.h.s.) corresponds to the channel, the dotted lines to the 

t(i]) channel, the dashed lines to the u(N) channel, the short dashed lines to the s(N) 
channel. The dashed line (upper part, r.h.s.) is the incoherent sum of the contributions 
from s(N) and u(N) channels (s + u). The solid lines indicate the coherent sum of s(N) 
and u(N) channels with interference (s + u + int.). The solid lines with full dots and 
with open squares (lower part, r.h.s.) present the results within the p 2 and (p2,&i) Regge 
exchange model. 
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Figure 7: Upper part: the calculated total cross section (within parameter set 1 @) 
for the reaction pp — > pna^ —>■ pnK + K in comparison to the experimental data for 
pp — ► pnK + K (solid dots) from |38[ as a function of Q = \fs — ■s/sq- The dot-dashed and 
solid lines correspond to the coherent sum of s(N) and u(N) channels with interference 
(s + u + int.) calculated with the monopole form factor with A a? = 1.24 GeV and with 
the dipole form factor with An = 1-35 GeV, respectively. Middle part: the solid lines 
with full dots and with open squares represent the results within the p 2 and (p 2 , &i) Regge 
exchange model. The short dashed line shows the 4-body phase space (with constant 
interaction amplitude); the dashed line is the parametrization from Sibirtsev et al. |3T) 



Lower part: the calculated total cross section (within parameter set 1) for the reaction 
pp — ► ppa*Q —>■ ppK + K~ as a function of Q = \fs — ^/sq in comparison to the experimental 
data. The solid dots indicate the data for pp 

pp — > ppK + K~ from |50]; the full down triangls show the data from fl51 



ppK K from [38|, the open square for 
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Figure 8: The K + K~ invariant mass distribution for the pp — > ppK + K~ reaction at 
Piab = 3.67 GeV/c. The short dotted lines indicate the 4-body phase space with constant 
interaction amplitude, the dot-dashed lines show the coherent sum of s(N) and u(N) 
channels with interference (s + u + int.). The solid lines with open circles correspond 
to the fo contribution from |41]| . The thick solid lines show the sum of all contributions 
including the decay <fi — > K + K~ . The experimental data are taken from [ED]. 
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Figure 9: The diagrams a)-b) describing different mechanisms of nonresonant KK 
duction in the reaction NN -> NNKK. 
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Figure 10: Comparison of the ao-resonance contribution (bold solid curves) and nonres- 
onant background (thin solid curves) in the reactions pp — > pnK + K° (upper part) and 
pp — > ppK + K~ (lower part). 
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Figure 11: Diagrams a)-d) describing different mechanisms of a and f -mesoia production 
in the reaction NN — >■ da (f ) within the framework of the two-step model (TSM). The 
nonresonant ni] production is described by the diagram e). 
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Figure 12: Forward differential cross section of the reaction pp — > dag as a function of 
(piab — 3.29) GeV/c. The full dots are the experimental data from |49| while the bold 
dash-dotted and solid lines describe the results of the TSM for A^v = 1.2 and 1.3 GeV, 
respectively. The thin dash-dotted and solid lines are calculated using the Flatte mass 
distribution for the ao meson with a cut M > 0.85 GeV. 
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Figure 13: invariant mass distribution for the reaction pn — > d7r°f] at 3.4 GeV/c. The 
dashed and dash-dotted lines describe the ao resonance contribution and nonresonance 
background, respectively. The solid line is the sum of both contributions. 
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Figure 14: Total cross sections for the reactions pn — > da^ and pn — > d/o as a function of 
(2"iab — 2.473) GeV. The solid and dashed curves are calculated using narrow and finite 
resonance widths, respectively. The curves denoted by 1 and 2 correspond to the choices 
R(fo/a )= 1.46 and 2.3, respectively. 
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Figure 15: Differential cross section of the reaction pn — > da® at T p = 2.6 GeV as a 
function of c . m .. The solid curve corresponds to the case of isospin conservation, i.e. 
|£| 2 = 0. The dashed-dotted lines include the mixing effect with |£| 2 = 0.05 for the lower 
curves (la and 2a) and |£| 2 = 0.11 for the upper curves (lb and 2b). The lines la, lb and 
2a, 2b have been calculated for R(f /a ) = 1.46 and 2.3, respectively. 
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Figure 16: Differential cross section of the reaction pn 
function of O c . m .. The notation of the curves is the same as in Fig. [15 



dfo at T p = 2.6 GeV as 
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